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Abstract 
Components subjected to flexural and torsional loadings, such as power transmission shafts, are elements that sometimes fail due 
to fatigue crack propagation. Other example of mechanical element that occasionally fail and that can be simultaneously 
submitted to bending and torsion are endodontic files, which are being widespread used in mechanized endodontic treatments. 
With the intent of analyzing the influence of bending and torsion on the Stress Intensity Factors (SIF), KI,II,III, at different crack 
geometries (a/r), two CAD 3D models were created, namely one cylindrical shaft and one endodontic file. The evaluation of KI, 
KII and KIII for the two components under study was carried out at several points along the crack front using the Finite Element 
Method (FEM) together with Linear Elastic Fracture Mechanics (LEFM) concepts. 
The Finite Element Analyses (FEA) carried out shown that flexural loads have a preponderant impact on KI values, although 
torsion may have influence on it depending on the order of magnitude of the torsional loading values applied on the component. 
However, when pure torsion loading was considered, KII and KIII values become dominant at crack tip.  
Finally, numerical results obtained revealed that geometric complexity and reduced dimensions of components can play an 
important role when analyzing SIF, being this particularly relevant on the case of endodontic file. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the University of Oviedo. 
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1. Introduction 
The onset and propagation of fatigue cracks are frequent in many engineering components or structures, as can be 
perceived by the large number of mechanical failures that occur every year due to fatigue crack propagation. In fact, 
high demanding loadings are frequently combined with very harsh environmental conditions, and are cause of 
fatigue failures. Some examples could be found elsewhere [1-3].  
In the research hereby presented, two cracked geometries were analyzed, namely a cylinder and a Hyflex CM 
endodontic file ref. .06/20. In the case of endodontic files, those could be simultaneously subjected to bending and 
torsion during clinical treatment of a tooth, when rotation and torque are simultaneously applied to the endodontic 
file by a micro motor. Additionally, cylindrical power shafts could also be submitted to flexural and torsional loads, 
and, similarly to the endodontic files referred earlier, should not present in-service catastrophic failures. 
With the intent of analyzing the influence of bending and/or torsion on the Stress Intensity Factors (SIF) KI, KII, 
KIII present at the crack tip of a cylinder (Fig.1a) or at the crack tip of an endodontic file (Fig.1b), Finite Element 
Analysis (FEA) were carried out using ANSYS software. The evaluation of SIF was carried out for different crack 
geometries (a/r), where a relates to the maximum crack depth and r represents the radius of curvature of the 
endodontic file or of the shaft’s circular cross section. For that purpose, two CAD 3D models were created and SEM 
images were used to model the endodontic file. 
Additionally, Linear Elastic Fracture Mechanics concepts (LEFM) play an important role during the design stage 
of engineering components or structures, as well as during its service lifetime, and are frequently used to assess the 
acceptability of flaws in structures and to predict crack growth, in order to define inspection periods and to avoid 
premature catastrophic failure of components [4]. LEFM concepts were applied throughout this work. 
2. Numerical results 
2.1. Validation 
In order to validate numerical results, a cylinder containing a semi-elliptical crack (a/2c) was firstly subjected to 
pure bending with a nominal stress equal to 200 MPa at cross section of interest. Hence, a cylinder with a diameter 
of 80 mm and a length of 120 mm was meshed with tetrahedral finite elements (Fig.1a), and semi-elliptical 
superficial cracks (a/2c=0.1, 0.25 and 0.5) were introduced at its mid-span. A fixed surface was defined at one end of 
the cylinder and a bending force was applied at the opposite end. Then, KI numerical values were calculated for eight 
different (a/r) ratios, ranging between 0.1 and 0.9, and those were compared with KI values determined according the 
equations given in BS 7910, Annex J [4] (Fig.1c). 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. (a) View of a cylinder with a superficial semi-elliptical crack; (b) Detailed view of the endodontic file Hyflex CM ref. .06/20 with semi-
elliptical crack; (c). KI values calculated at free surface and deepest point of crack front, either using BS 7910 (BS) or numerical values from FEA 
(a/2c=0.5). Young’s Modulus and Poisson’s Coefficient equal to 200 GPa and 0.3, respectively. 
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2.2. Analysis of a cracked cylinder under pure bending, pure torsion, or under torsion and bending 
As previously seen in section 2.1, the cylindrical geometry was firstly subjected to pure bending, Bs=200 MPa, 
and a total of eight different (a/r) ratios and three different (a/2c) ratios were considered in the analyses, where (a) 
represents crack depth and (2c) corresponds to the crack length measured at the crack surface. In case of pure 
bending, KII and KIII values were almost zero and could be considered non relevant (Fig. 2a) when compared with KI 
values calculated (Fig.1c, Fig.2a).  
The results obtained for KI when considering a cylinder with a crack subjected to bending (Bs=200MPa) and 
torsion (Ts=100, 200, 420 MPa) did not disclose significant differences to the results obtained under pure bending at 
all points under study (Fig. 1c). Additionally, when torsion (Ts=100, 200, 420 MPa) was superimposed to bending 
(Bs=200MPa), or when it was the single load applied (Ts=200 MPa), two extra points were considered in the 
analysis of SIF values at crack front, namely points B and C, corresponding to the intersection between the crack and 
the outer surface of the cylinder/endodontic file (Fig. 2b). Concerning KII and KIII values, figures 2b to 2d show the 
effect of superimposing torsional to bending loads. It can be seen that absolute values of KII present at external 
cylindrical surface, either at point B or C, increase with rising values of torsional stress applied, and could achieve 
SIF values in the same order of magnitude of KI (Fig. 2a). In addition, KII values at points B and C were more or less 
symmetric. When considering KIII values (Fig. 2d), it can be concluded that they were always lower than zero for all 
(a/r) ratios considered, and did not increase as much as it was verified for KI and KII values, remaining between 0 
and -16 MPa.m0.5 for a (a/2c) ratio equal to 0.5.  
 
 
 
 
 
 
 
 
 
 
 
 
 
    
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. (a) KI, KII and KIII values for a cylinder with superficial semi-elliptical cracks (a/2c=0.5) under pure bending (Bs=200 MPa); (b) KII values 
at point B for a cylinder with superficial semi-elliptical cracks (a/2c=0.5) under bending and torsion (Bs, Ts); (c). KII values at point C for a 
cylinder with superficial semi-elliptical cracks (a/2c=0.5) under bending and torsion (Bs, Ts); (d) KIII values at point B for a cylinder with 
superficial semi-elliptical cracks (a/2c=0.5) under bending and torsion (Bs, Ts). 
a b 
d c 
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Similarly, KI, KII and KIII values were calculated for the cylindrical geometry under study when subjected to pure 
torsion (Ts=200 MPa) (Fig. 3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. (a) KI values for a cylinder with superficial semi-elliptical cracks (a/2c=0.25; 0.5) under pure torsion (Ts=200 MPa) and under torsion 
(Ts=200 MPa) combined with small bending stresses (Bs=20 MPa); (b) KII values at point B for a cylinder with superficial semi-elliptical cracks 
(a/2c=0.25; 0.5) under pure torsion (Ts=200 MPa); (c) KIII values at point B for a cylinder with superficial semi-elliptical cracks (a/2c=0.25; 0.5) 
under pure torsion (Ts=200 MPa). 
As can be seen in Fig. 3a, when pure torsional loading was applied, KI results showed near zero values for all 
crack geometries considered. However, KII values at points B and C (Fig. 3b) were continuously increasing and it 
can be seen that, unless for the case where (a/r) equals 0.1, were similar for the two crack shapes considered 
(a/2c=0.25 and 0.5). Finally, KIII values at surface points showed a decreasing tendency for increasing (a/r) ratios, 
being this behaviour more perceptible for the semi-elliptical crack shape (a/2c=0.25) than for semi-circular cracks.  
2.3. Analysis of a cracked endodontic file under bending and/or torsion 
Endodontic files are responsible for removing the pulp and the infected tissues contained in root canals of the 
teeth, and, because they could be quite curved, endodontic instruments must be flexible and ductile. Hence, in the 
late 80’s a new generation of instruments, which were made from a nickel-titanium alloy (Ni-Ti), began to be used 
[5]. These alloys are characterised by superelastic behaviour and shape memory effect, which depend on the thermo-
mechanical treatments applied to the alloy and on its chemical composition [6]. Additionally, superelasticity and 
shape memory effect (CM) are related with phase transition between austenitic and martensitic phases at some 
specific temperatures. This alloy is able to undergo deformations up to 8% (350 MPa) in the non-linear elastic 
regime without permanent deformation passing from an initial austenite phase (linear elastic with a Young’s 
Modulus of 67 GPa) to a martensite phase (also linear elastic and with a Young’s Modulus of 30GPa) at about 200 
a b 
c 
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MPa (Table 1) [7-9]; the tensile strength of this type of alloys is about 1300 MPa corresponding to a strain rupture 
equal to 12% [7-9]. 
The endodontic file modelled in the research herein presented (Fig.1b) was considered to be simultaneously 
subjected to torsion and bending, which in the later case was achieved by imposing displacements to the endodontic 
file’s tip, in order to simulate a root canal with a radius of curvature that will induce a high tensile stress-state in the 
instruments during a clinical treatment [10]. In addition, two torque values, T, were applied during numerical 
simulations, namely 2.5 N.cm and 4 N.cm; the first is recommended to be used by the endodontic file’s 
manufacturer, while the second value is a maximum reference value that generally could be applied by the micro 
motor that activates the endodontic file. Crack propagation (a/2c=0.25; 0.1≤(a/r)≤0.35 and a/2c=0.5; 0.1≤(a/r)≤0.4) 
(Fig. 4) was assumed to occur 5 mm away from the tip of the endodontic file, where, according to previous research 
and the loading conditions referred, it showed tendency to fracture [10]. The superelastic behaviour was defined in 
the numerical model having into account the mechanical properties given in Table 1. 
Table 1. Mechanical properties of the superelastic Ni-Ti alloy simulated in ANSYS at room temperature (RT) [7-9].  
Properties  
Young’s Modulus, Austenite phase 67 GPa 
Young’s Modulus, Martensite phase 27 GPa 
Starting value for the conversion of austenite into single-variant martensite during loading (A- S), ߪௌ஺ௌ 300 MPa 
Final value for reverse transformation (A- S), ߪி஺ௌ 400 MPa 
Starting value for the conversion of single-variant martensite into austenite during unloading (S- A), ߪௌௌ஺ 250 MPa 
Strain correspondent to ߪௌௌ஺ 0.07 
Final value for transformation of single-variant martensite into austenite (S- A), ߪிௌ஺ 25 MPa 
Poisson’s coefficient 0.3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. KI values for an endodontic file subjected to bending and/or torsion (T=2.5 N.cm and 4 N.cm) at points B (a) and C (b). (a/2c)=0.5 and 
0.1≤(a/r)≤0.4. 
3. Discussion of results 
When a cylinder containing a crack is subjected to pure bending and the crack is at early stage of propagation, 
namely for (a/r) equal to 0.1, KI values show slight differences between them (Fig. 1c) either considering its 
calculation at the deepest point of the crack or at the intersection between the crack and the external cylindrical 
surface. However, once the crack propagates, differences between KI values are noticed for the points referred (Fig. 
1c); those differences were not so relevant for (a/2c) ratio equal to 0.1 or 0.25. In addition, the results obtained at the 
deepest point are higher on the semi-elliptical crack geometries when compared with the verified at free surface 
a b 
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points; the opposite occurs for the semi-circular geometry (Fig.1c), which indicates that crack geometry is an 
important factor on the SIF at the crack front.  
The superposition of torsion and bending to the cylinder with a superficial crack resulted in relevant KII values at 
points B and C (Fig. 2b, c), which will assume almost symmetrical values, depending on the torsion moment sense 
applied, contributing to the crack growth or retardation at the cylinder’s surface, respectively. In addition, KI values 
showed to be highly dependent from bending stresses applied and KIII values increased with the increasing torsional 
load values applied. However, KIII assumed negative values both at the deepest point of the crack and at points B and 
C (Fig. 2d), and lower absolute values when compared with KI and KII values calculated. 
For the endodontic file under study, and for the boundary and loading conditions defined, KI values induced at a 
semi-circular superficial crack shown to be quite relevant during clinical treatment. Moreover, torsional loads 
contributed to lower KI values during crack growth - for increasing (a/r) ratios, particularly at point B; at point C, the 
introduction of torsion resulted in higher KI values for (a/r)≥0.2. 
4. Conclusion 
Stress Intensity Factors, namely KI, KII and KIII were determined through FEA at the deepest point and at surface 
points of semi-circular or semi-elliptical cracks inserted on a cylinder and on an endodontic file subjected either to 
bending , torsion or a combination of both. Crack growth was simulated by increasing (a/r) ratios in the FEA carried 
out. 
Regarding the influence of torsional load, it was possible to conclude that it did not introduce significant changes 
on KI values for the cylinder analysis, being bending the relevant load for this to occur. However, particularly when 
analysing the endodontic file, it was possible to observe that torsion diminished KI values present at surface points B 
and C for specific (a/r) ranges, increasing in some other ranges. In addition, torsion played an important role on 
increasing KII and KIII absolute values induced at crack tip, either at the deepest point or at surface’s points. 
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